1.. Introduction {#s1}
================

Carbon dioxide flooding is one of the most effective technologies in modern oil extraction; it makes a positive contribution to the geological storage of carbon and has been rapidly developed \[[@RSOS181899C1],[@RSOS181899C2]\]. However, CO~2~ produces carbonic acid under suitable pressure and humidity conditions in the well. This is highly corrosive to cement and oil casings, causing severe corrosion to metal pipes and equipment, ultimately shortening their service life; this might result in vast economic loss and even leakage \[[@RSOS181899C3],[@RSOS181899C4]\]. Research institutes in China and abroad have been investigating the corrosion mechanism of corrosive components, such as hydrogen sulfide \[[@RSOS181899C5],[@RSOS181899C6]\] and carbon dioxide \[[@RSOS181899C7],[@RSOS181899C8]\], and they have carried out a series of studies in recent decades. The conditions surrounding the current development in China\'s oil and gas fields mean that it is critical to investigate the corrosion mechanism, corrosion predictions and corresponding protective measures of oil well pipes in harsh environments \[[@RSOS181899C9]\]. CO~2~ corrosion is one of the most prevalent factors contributing to the damage of metal materials during oil and gas well exploitation and transportation worldwide. Therefore, numerous studies have explored the behaviour of carbon dioxide and the mechanism of carbon dioxide corrosion of low alloy steel pipes \[[@RSOS181899C10],[@RSOS181899C11]\].

The corrosion of steel equipment by CO~2~ can be divided into two categories: general corrosion (also known as uniform corrosion) and localized corrosion. Research has shown that CO~2~ corrosion is caused by a series of complex physical and chemical processes that are influenced by temperature, CO~2~ concentration \[[@RSOS181899C12]\] and pH \[[@RSOS181899C13]\]. CO~2~ corrosion can be reduced by the formation of a thin film (nm) of organic inhibitors on the surface of the steel, or a protective corrosion product layer such as iron carbonate. These processes form a protective barrier on the metal surface based on the mechanism of adhesion to the metal surface \[[@RSOS181899C14]\].

In the 1980s, research into CO~2~ corrosion focused on the effects of environmental and material factors on corrosion rates \[[@RSOS181899C15]\]. The main type of corrosion studied during this period was uniform corrosion; it was generally believed that the corrosion product film, formed on the surface of a material during the corrosion process \[[@RSOS181899C16]\], and flow rate were the decisive factors affecting the corrosion rate and corrosion morphology, while temperature was a major factor affecting the corrosion rate and the density of the corrosion product film \[[@RSOS181899C17]\]. Over time, the focus of CO~2~ corrosion research shifted to the corrosion product film and multiphase flow. Studies of corrosion product films mainly concentrated on their effect on the mass transfer process, and their correlation with the corrosion rate and corrosion form (such as localized corrosion and pitting corrosion) \[[@RSOS181899C18],[@RSOS181899C19]\]. Meanwhile, research into multiphase gas, water and oil was concerned with the effects of flow rate and flow pattern on the corrosion mass transfer process \[[@RSOS181899C20]--[@RSOS181899C22]\]. Furthermore, it was noted that in a CO~2~-rich environment, galvanic corrosion caused by the coupling of carbon steel and other metals (or alloys) occurs alongside the corrosion damage caused by carbon steel itself \[[@RSOS181899C23]--[@RSOS181899C25]\]. Although stainless steel is resistant to CO~2~ corrosion, it produces serious galvanic corrosion once coupled with alloy materials of higher potential in a CO~2~ corrosive environment; this results in corrosion failure of the material \[[@RSOS181899C26]\]. Therefore, during the exploration of oil and gas fields containing CO~2~, great attention should be paid to galvanic corrosion caused by the coupling of different metals \[[@RSOS181899C27],[@RSOS181899C28]\].

In this study, the dynamic weight loss method was employed to evaluate CO~2~ corrosion. The oil-field CO~2~ corrosion evaluation standard was applied to the indoor experiment in order to measure the corrosion degree of N80 steel and a variety of anti-corrosion materials prepared using nano-, Ni-P plating and nitriding treatments. Based on the experimental results, the materials with good corrosion resistance were screened through performance characterization at various temperatures, pressures and flow rates by simulating the actual corrosion environment. The predictions and verification of the corrosion rate model were carried out by modifying the semi-empirical formula from the de Waard model \[[@RSOS181899C29]--[@RSOS181899C31]\] based on the experimental and field test conditions.

2.. Material and methods {#s2}
========================

2.1.. Equipment and samples {#s2a}
---------------------------

The experiments were conducted using the following equipment: a high temperature and pressure dynamic reaction kettle with a temperature control range of 0--200°C and control accuracy of ±1°C; a vacuum drying oven with a temperature control range of 0--200°C; CO~2~ gas cylinders; an analytical balance with accuracy of 0.0001 g; a Quantum 600F scanning electron microscope (Oxford Instruments, UK); an Oxford INCA x-act energy spectrum analyser (Oxford Instruments, UK); an X-ray diffractometer; a PCI4/750 electrochemical comprehensive test system; absorbent cotton, gauze and bamboo tweezers; and solutions and film-removing solution (the main components of film-removing solution: hexamethylenetetramine, potassiumthiocyanate, nitric acid, aniline and distilled water). Test materials included polytetrafluoroethylene; nano-, nitride and nickel-plate-treated materials; and N80 and J55 steels. A schematic diagram of the experimental equipment and the original forms of the samples are shown in [figure 1](#RSOS181899F1){ref-type="fig"}. Figure 1.High temperature and pressure dynamic reaction kettle and the original forms of the test samples.

2.2.. Experimental procedures {#s2b}
-----------------------------

First, the film-removing solution was prepared in house. Next, the samples were treated in a series of steps that included soaking in 120\# solvent oil, drying and measuring the surface area and weight. The samples were then suspended from a nylon string in a high-pressure container which was filled with water and bubbled with CO~2~ (more than 2 h). The container was then closed, pressurized and heated. The process was observed and recorded. After 72 h, the samples were taken out, wiped with the film-removing solution, and soaked in an ethanol solution for 1 h. Finally, the test samples were dried at 110°C for 2 h in a constant-temperature drying oven before they were cooled in a desiccator and weighed.

2.3.. Effect of partial pressure on corrosion rate at different temperatures {#s2c}
----------------------------------------------------------------------------

Based on the actual working conditions in oil and gas wells, where the well head temperature is 20--30°C and the well head partial pressure of CO~2~ is 0.1--5.0 MPa, the corresponding temperature and pressure were calculated for different depths of the well shaft according to a temperature and pressure gradient algorithm; these were used as the experimental parameters. A high-pressure container was used for the corrosion experiment with different materials at various temperatures and CO~2~ partial pressures. The test duration was 72 h.

2.4.. Performance analysis {#s2d}
--------------------------

Scanning electron microscopy (SEM) was used to observe changes in the surface micromorphology of the samples before and after corrosion. An energy dispersive spectroscopy (EDS) analysis was carried out on various regions of the sample surface before and after an acid wash, and the corrosion products were analysed using X-ray diffraction to measure the weight of individual elements. The polarization curve was measured using the PCI4/750 electrochemical comprehensive test system. The electric potential scanning range was±250 mV, and the scanning speed was 1 mV s^−1^. The electrochemical test area was 1 cm^2^, and the composition of the solution was prepared to simulate a formation water solution.

3.. Results and discussion {#s3}
==========================

3.1.. Effect of partial pressure on corrosion rate at various temperatures {#s3a}
--------------------------------------------------------------------------

The effect of partial pressure was examined at 20, 50, 80 and 110°C, as shown in [figure 2](#RSOS181899F2){ref-type="fig"}. The results show that polytetrafluoroethylene hardly corrodes under any temperature and pressure conditions, while the corrosion rates of all the other materials increase in response to increasing temperature and pressure. The corrosion rates of all the test materials are in the order of: R~N80~ \> R~J55~ \> R~nitride~ \> R~nano~ \> R~nickel-plated~. When the temperature was below 50°C and the pressure was less than 5.0 MPa, there was minimal corrosion of the test pieces, as shown in [figure 2](#RSOS181899F2){ref-type="fig"}*a*,*b*. However, when the pressure was greater than 5.0 MPa, major corrosion took place; among the metal materials, this occurred at the highest rate on N80 and lowest the rate on the nickel-plated material. [Figure 2](#RSOS181899F2){ref-type="fig"}*c*,*d* illustrates that relatively severe corrosion of the nano- and nitride-treated materials, as well as the N80 and J55 steels occurred when the testing temperature was above 80°C and the pressure was greater than 3.0 MPa. Of the metal materials, N80 had the highest corrosion rate, while nickel-plated material still had a relatively low corrosion rate. Therefore, we subsequently focused our analysis on the micromorphology of four test materials: nickel-plated, nitride treated, N80 and J55 steel post CO~2~ corrosion. Figure 2.Effect of partial pressure on corrosion rate at (*a*) 20°C, (*b*) 50°C, (*c*) 80°C and (*d*) 110°C.

3.2.. SEM and energy spectrum analysis of corrosion products {#s3b}
------------------------------------------------------------

The chemical compositions of the N80 and J55 steels used in this study are listed in [table 1](#RSOS181899TB1){ref-type="table"}. The electron micrographs of the corrosion products from the four materials are shown in [figure 3](#RSOS181899F3){ref-type="fig"}. The surface of the corrosion product film on J55 was relatively uniform, indicating that the corrosion product is in the form of particles, and shows signs of fluid erosion. These particles are approximately spherical and differ in size, with obvious pores among the crystalline spherical particles, which clearly shows the crystal growth steps. The surface of the nitride sample was covered with an even layer of corrosion product; the corrosion product was compact on the inner layer with a large quantity of loosely packed amorphous granular product on the outer layer. Although there were certain regular forms, there were no obvious crystal growth steps. Cracking dominated on the surface of the corrosion product film, while erosion and spalling occurred in certain localized areas. There was only tiny pitting corrosion on the metal base. Therefore, it can be concluded that the thick compact base layer of the corrosion product film substantially diminished the permeation of the corrosive liquid and therefore protected the metal base. The corrosion product of N80 was a form of platform erosion. The corrosion product film was very thick, but had a relatively weak bond with the base. Peeling between the base and the film occurred at relatively weak points, and thus, the corrosion product film had a distinct mesh structure, with the crystal growth of the corrosion product proceeding in a certain direction. There were a large number of white flocculent compounds around the crystalline corrosion product, and numerous cracks and holes on the corrosion surface. The surface of the nickel-plated material was even, with minor corrosion of the metal surface. Thus, it was categorized as uniform corrosion and there was no large-scale corrosion. There was a small amount of pitting corrosion resulting from damage to the nickel-plating layer, which allowed the medium to contact the test material. Uniform corrosion occurred locally on the nickel-plated layer; however, the degree of corrosion was relatively low, and the corrosion product was washed away due to poor adhesion to the surface. Figure 3.Surface SEM images of the (1) J55, (2) nitride, (3) N80 and (4) nickel-plated samples after corrosion (widths of (*a*) 500 µm, (*b*) 200 µm, (*c*)100 µm and (*d*) 50 µm). Table 1.Composition of the N80 and J55 steels used in this study.materialsC (%)Si (%)Mn (%)P (%)S (%)Cr (%)Ni (%)Cu (%)J550.34--0.390.2--0.351.25--1.5≤0.02≤0.015≤0.15≤0.2≤0.2N800.34--0.380.2--0.351.45--1.70≤0.02≤0.015≤0.15

3.3.. Energy spectrum analysis of corroded materials {#s3c}
----------------------------------------------------

From [figure 4](#RSOS181899F4){ref-type="fig"} and [table 2](#RSOS181899TB2){ref-type="table"}, it can be seen that after corrosion, the J55 material showed a significant increase in the weight percentage and quantity of atoms of carbon and oxygen, based on spectra 1 and 2. Meanwhile, the weight percentage and atom quantity of iron were greatly reduced, indicating that carbon dioxide caused a strong corrosion of the material. Spectrum 3 shows that the weight percentage and atom quantity of carbon and oxygen are relatively small, and no weight percentage or atom quantity is given for the oxygen atoms. In addition, the weight percentage and atom quantity of iron are very high, revealing that the corrosion is minor. Energy spectrum analysis of spectrum 2 illustrates that the percentage of O, C, Fe and Mn atoms are up to 46.55%, 15.18%, 37.78% and 0.49%, respectively. Hence, we speculate that the crystal particles of this corrosion product are an Fe carbonate mainly composed of FeCO~3~ and a double salt of (Fe · Mn)CO~3~ composed of Fe^2+^ and Mn^2+^. Figure 4.Energy spectra of (1) J55, (2) nitride, (3) N80 and (4) nickel-plated test materials after corrosion. (*a*--*c*) Are the three products with different corrosion degrees, respectively. Table 2.Weight and atomic percentages of elements in corroded J55 material.spectrum *a*spectrum *b*spectrum *c*elementweight (%)atomic (%)weight (%)atomic (%)weight (%)atomic (%)C9.3925.815.9515.182.4410.40O13.9128.7124.3146.55//S0.280.28////Mn1.240.740.870.491.251.17Fe75.1944.4568.8637.7896.3188.43statusstrong corrosionsevere corrosionminor corrosion

[Figure 4](#RSOS181899F4){ref-type="fig"} and [table 3](#RSOS181899TB3){ref-type="table"} show the results of SEM and energy spectrum analysis for three representative points of the nitride materials. The weight percentages and atom quantities of carbon and oxygen at the three spectral points vary to a small extent. The corrosion rate is much lower than that of the J55 material. At the same time, the weight percentage and atom quantity of iron only vary within a small range. It can be concluded that carbon dioxide causes uniform corrosion on the material, and that the corrosion rate is low. Table 3.Weight and atomic percentages of elements in corroded nitride material.elementspectrum *a*spectrum *b*spectrum *c*weight (%)atomic (%)weight (%)atomic (%)weight (%)atomic (%)C9.2227.038.5824.627.9622.43O9.8221.5912.2026.2814.2130.08Si0.430.540.310.380.490.59Ca0.290.26////Mn1.260.810.980.611.130.70Fe78.9849.7877.9348.1076.2146.21statussevere corrosionminor corrosionminor corrosion

[Figure 4](#RSOS181899F4){ref-type="fig"} and [table 4](#RSOS181899TB4){ref-type="table"} indicate that the corrosion product film of N80 contained several elements, including Fe, Cr, Mn, C and O, with the atomic percentages of O, C, Fe and Cr equal to 43.77%, 30.28%, 25.35% and 0.17%, respectively. We speculate that the crystal particles in this corrosion product may be composed of Fe carbonate, which mainly contains FeCO~3~ and a double salt of (Fe · Cr)CO~3~ composed of Fe^2+^ and Cr^3+^. Comparison of the three figures shows that this test piece had pitting corrosion under these conditions, which was also found on the J55 sample. Table 4.Weight and atomic percentages of elements in corroded N80 material.elementspectrum *a*spectrum *b*spectrum *c*weight (%)atomic (%)weight (%)atomic (%)weight (%)atomic (%)C7.5521.1114.5330.285.6517.55O15.3132.1427.9843.7711.5226.85Si0.350.420.260.230.340.45Cr1.731.120.350.171.330.96Mn0.820.50//0.740.50Fe74.0144.5156.5825.3580.4253.70statusstrong corrosionsevere corrosionminor corrosion

[Figure 4](#RSOS181899F4){ref-type="fig"} and [table 5](#RSOS181899TB5){ref-type="table"} show that the weight percentage of carbon and oxygen, and the atomic quantity data of the three spectral points, varies only slightly after corrosion, especially in the case of oxygen. Similarly, the weight percentage and atomic quantity of nickel do not change substantially, and no iron is detected, which indicates a thick coating. The weight percentage of nickel is close to the range of its atom quantity, showing that carbon dioxide causes uniform corrosion of the material, and that the corrosion rate is very slow. Table 5.Weight and atomic percentages of elements in corroded nickel-plated material.elementspectrum *a*spectrum *b*spectrum *c*weight (%)atomic (%)weight (%)atomic (%)weight (%)atomic (%)C6.9626.3511.2836.397.6426.66O0.782.212.746.643.679.61S//0.370.450.240.32Cl////0.530.62Ni92.2671.4485.6156.5287.9362.79statustiny corrosionminor corrosionminor corrosion

3.4.. Analysis of polarization curves {#s3d}
-------------------------------------

Polarization curves, obtained using the PCI4/750 electrochemical comprehensive test system, are shown in [figure 5](#RSOS181899F5){ref-type="fig"}. Figure 5.Diagram of polarization curves for (1) N80, (2) J55, (3) nitride and (4) nickel-plated samples.

[Figure 5](#RSOS181899F5){ref-type="fig"} illustrates that the corrosion potential and corrosion current of the N80, J55 and nitride samples are relatively close, while the corrosion potential of the nickel-plated sample is clearly positively shifted, and the corrosion current density is greatly reduced. This indicates that the corrosion resistance of the nickel-plated sample in the medium is better than that of the other three samples. Therefore, we established a corrosion model which predicted N80 to have the most severe corrosion and the nickel-plated material to have the best sustained release feature.

4.. Establishment of the corrosion prediction model {#s4}
===================================================

There are many factors which affect the CO~2~ corrosion characteristics of steel. In particular, temperature and CO~2~ partial pressure (*P*CO~2~) have a significant impact on CO~2~ corrosion. The effect on corrosion rate is largely reflected by the impact of temperature on the formation of a protective film. Based on the indoor experimental data, a corrosion rate model was established and applied to a high temperature and pressure environment with a temperature range of 20--130°C and a CO~2~ partial pressure of 12--28 MPa. Developed from the de Waard model, our model was established with modified constants according to the effects of temperature and pressure ([table 6](#RSOS181899TB6){ref-type="table"})$$\lg V_{c} = a - {\frac{2320}{t + 273} - 5.55 \times 10^{- 3}t + 0.67 \times \lg PCO_{2},}$$where *V*~c~ is the corrosion rate, mm yr^−1^; *P*CO~2~ is the partial pressure of CO~2~, MPa; and *t* is temperature, °C. Table 6.Experimental data of the corrosion rates of N80 and nickel-plated materials.temperature (°C)*P*CO~2~ (MPa)corrosion rate of N80 material (mm yr^−1^)corrosion rate of nickel-plated material (mm yr^−1^)200.27960.265730.00117500.37280.255370.02882800.36600.291770.033141100.55920.258220.041491300.65240.247880.05243

The constant *a* is obtained through regression with temperature and pressure experimental data. The values of *a* for N80 and the nickel-plated material are shown in figures [6](#RSOS181899F6){ref-type="fig"}--[9](#RSOS181899F9){ref-type="fig"}, respectively. The value of *a* for N80 shows a linear trend, so the fitted value was calculated by$$a_{N80} = {\frac{a_{1} + a_{2}}{2}.}$$The value of *a* for the nickel-plated material fluctuates around the average, so this value, *a* = 0.589, was applied to the model. The models were then established as below$$\lg V_{N80} = {\frac{a_{1} + a_{2}}{2} - {\frac{2320}{t + 273} - 5.55 \times 10^{- 3}t + 0.67 \times \lg PCO_{2}}}$$$$\qquad{and}\qquad\lg V_{{nickel} - {plated}} = 0.589 - {\frac{2320}{t + 273} - 5.55 \times 10^{- 3}t + 0.67 \times \lg PCO_{2}.\qquad}$$ Figure 6.Fitting of constant *a*~1~ and temperature. Figure 7.Fitting of constant *a*~2~ and pressure. Figure 8.Fitting of constant *a*~1~ and temperature. Figure 9.Fitting of constant *a*~2~ and pressure.

According to the aforementioned analysis, the corrosion extrema appear around 60 and 110°C. Localized corrosion is more prominent between 60 and 110°C. When the temperature is lower than 60°C, corrosion tends to be uniform; when the temperature is at or above 110°C, Fe~3~O~4~ becomes the dominant proportion of the film. Since the CO~2~ corrosion process occurs along with the depolarization of hydrogen, and it is completed by the hydronium ion in the solution, and because the hydrogen ion is formed by the breakdown of carbonic acid, corrosion is accelerated under high CO~2~ partial pressure. This leads to the increased concentration of dissolved carbonic acid and the subsequent increase in the concentration of hydrogen ions released from the carbonic acid.

5.. Example calculations from the corrosion prediction model {#s5}
============================================================

The data from five wells, provided by Block Fang 48, show that at downhole depths of 850 and 1730 m, the bottom hole pressures are approximately 21.2 and 30 MPa, respectively, while the bottom temperatures are approximately 55 and 80°C, respectively. The actual corrosion rate of N80 and the nickel-plated material at a depth of 1730 m were analysed and compared with the simulated data. The detailed results are shown in [table 7](#RSOS181899TB7){ref-type="table"}. Table 7.Comparison of analytical results from the CO~2~ corrosion model.corrosion rate (mm yr^−1^)steel grade and pipe materialsgroup no.temperature (°C)*P* (MPa)*P*CO~2~ (MPa)predicted valueactual valueN8014017.50.4080.285300.2889925021.20.4940.274540.2830236024.10.5620.267990.2748547027.50.6410.276910.26985580300.6990.296340.29892nickel-plated14017.50.4080.006410.0066225021.20.4940.010890.0120636024.10.5620.017180.0183547027.50.6410.026400.02750580300.6990.038330.03924

[Table 7](#RSOS181899TB7){ref-type="table"} and [figure 10](#RSOS181899F10){ref-type="fig"} indicate that the values predicted by the model are generally larger than the actual values detected. The value predicted for the N80 material is very close to the actual value with an error of approximately 2%, which indicates a decent prediction by the model. The value predicted for the nickel-plated material deviates from the actual value by approximately 6%, which shows a relatively good result. Figure 10.Comparison of corrosion rates of the N80 and the nickel-plated material.

6.. Conclusion {#s6}
==============

We determined that the corrosion rates of various materials are in the order: R~N80~ \> R~J55~ \> R~nitride~ \> R~nano~ \> R~nickel-plated~. Galvanic corrosion can be avoided to a large extent through comparison of the corrosion rates. In addition, we obtained the morphology and composition of the corrosion products of various materials using SEM, energy spectrum analysis, and X-ray diffraction. The corrosion products of J55 and N80 were relatively thick with the morphology forming over multiple steps, indicating severe corrosion. The base of the nitride material was protected by the dense corrosion product film that formed on its surface, and thus only experienced minor corrosion. The surface of the nickel-plated material was slightly corroded due to damage of the nickel-plating layer; this was categorized as minor corrosion. Meanwhile, the polarization curve clearly illustrated that the corrosion potential of the nickel-plated sample was positively shifted, and the corrosion current density was greatly reduced. The corrosion resistance of the nickel-plated material in the medium greatly improved the resistance of the downhole tools to CO~2~ corrosion. By modifying the de Waard model, we established and verified a suitable corrosion rate model. The prediction results suggest a corrosion rate slightly higher than the actual corrosion rate for nickel-plated material. For the highly corrosive N80 material, the predicted value is relatively small. Compared with the nickel-plated material, the single factor of the experimental condition is more prominent than the actual condition, so the predicted value is relatively small. The prediction results have deviations of approximately 2 and 6% for the N80 and nickel-plated material, respectively. The model was able to make fairly good predictions, and can therefore help operators to take timely protective measures to reduce economic loss.
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